Enhanced magnetic anisotropy of Ni nanowire arrays fabricated on nano-structured silicon templates Appl. Phys. Lett. 101, 033110 (2012) Magnetoresistance effect in L10-MnGa/MgO/CoFeB perpendicular magnetic tunnel junctions with Co interlayer Appl. Phys. Lett. 101, 032402 (2012) Perpendicular-anisotropy CoFeB-MgO magnetic tunnel junctions with a MgO/CoFeB/Ta/CoFeB/MgO recording structure Appl. Phys. Lett. 101, 022414 (2012) Easy-plane magnetocrystalline anisotropy of compressive strained (La, Ba)MnO3 film J. Appl. Phys. 112, 013913 (2012) Changes in magnetic properties of Co/Pd multilayers induced by hydrogen absorption J. Appl. Phys. 111, 123919 (2012) Additional information on Rev. Sci. Instrum. We demonstrate the incorporation of a quadrupole electromagnet into an ultrahigh vacuum sputtering system for the vector control of induced magnetic anisotropy in magnetic thin-film heterostructures. A stationary quadrupole electromagnet is used to generate a magnetic field, which rotates synchronously with the physical axes of the substrate in situ during sputtering. An arbitrary anisotropy direction can be set for successive ferromagnetic layers by adjusting the phase difference of substrate and field rotation. The ability to rotate the substrate during deposition and change anisotropy without breaking vacuum enables the deposition of magnetically soft heterostructures with arbitrary in-plane anisotropy axes.
I. INTRODUCTION
Well-defined magnetic anisotropy is a critical property for soft magnetic materials used in a wide range of applications, from thin-film magnetic recording heads 1 to magnetic random access memory, 2 on-chip magnetic field sensors [3] [4] [5] to power management devices. 6, 7 As these applications continuously seek higher sensitivity, smaller device sizes, and lower power dissipation, respectively, the magnetic thin films included require more nearly-ideal soft magnetic properties. Near-zero coercive field (H C ) and high magnetic permeability (χ m ) along particular axes of the devices are desirable.
To induce uniaxial or unidirectional anisotropy in an alloy ferromagnetic thin film, either amorphous or polycrystalline, deposition or postannealing in the presence of a magnetic field is generally required. 8, 9 Deposition in magnetic field saves a process step and is advantageous for multilayer or device structures which are temperature-sensitive. The external magnetic field during sputtering is often applied by a permanent magnet assembly fixed to the sample stage, which rotates to ensure the uniformity of the deposited (typically sputtered) film. 9, 10 It is then difficult, if not impossible, to change the direction of anisotropy in different layers of a laminated structure without breaking vacuum. Raanaei et al. 11 have rotated anisotropy in situ manually, with a wobble stick, by repositioning the sample on a permanent magnet plate. This approach is prohibitively cumbersome for structures with more than one or two anisotropy rotations 3, 12 and could not easily be adapted for production. A structure with variable anisotropy axes in successive films could be interesting for both fundamental and applied sciences; Zohar and Bailey 13 used orthogonal induced anisotropy in ferromagnetic (FM)/non-magnetic (NM)/ferromagnetic (FM) structures to search for a hallmark of the spin pumping effect; in a device proposed by Frommberger et al., 14 it functions as the isotropic magnetic core of a toroidal thin-film inductor in on-chip dc-dc converters.
In this manuscript, we present a new technique to achieve the vector control of magnetic anisotropy in the layers of magnetic heterostructures. We apply an external magnetic field during sputtering using an ultrahigh vacuum (UHV) compatible quadrupole electromagnet with two pairs of coils. The magnitude of the field can be adjusted easily through the amplitude of bipolar, sinusoidal currents running through the coils; the direction of the field is determined by the phase of the sinusoid. To ensure that the angle between the sample and the field is fixed for an individual layer during sputtering, rotation of the field direction is synchronized with the physical rotation of the sample. This approach enables the integration of precise anisotropy control into automation of the sputtering process, making it possible to sputter complex multilayered magnetic structures with engineered anisotropy.
II. INSTRUMENTATION
The layout of our six-target UHV magnetron sputtering chamber with the in situ quadrupole electromagnet installed is illustrated in Figure 1 (a). Base pressure of the cryopumped chamber is 2 × 10 −9 Torr without baking. During sputtering, the sample sits at the center point of the chamber, facing down. The targets are arranged at the bottom of the chamber in a fourfold symmetric manner, each inclining towards the focal point at a 30
• angle from the cylindrical axis, in a confocal "sputter-up" geometry. The adatoms flux from an individual target will be slightly nonuniform across the surface of the substrate. To ensure the homogeneity of the sputtered film, physical rotation of the sample stage is necessary. The rotation is controlled by the combination of a stepper motor and motor controller. While the electromagnet is fixed to a top flange of the chamber (using "groove grabbers") and remains stationary, the magnetic field it generates can rotate by phasing sinusoidal currents through the coils of a quadrupole electromagnet (described in the following paragraphs). We use a National Instruments multiple IO data acquisition device (NI6212, "DAQ" in Figure 1 (a) to communicate between the power supplies to the coils ("PS1," "PS2" in Figure 1 (a)) and the stepper motor controller ("SMC" in Figure 1 (a)), and synchronize the rotating magnetic field with the physical rotation of the sample. We use a Lin Engineering 5718M high torque stepper motor to rotate the sample. The motor is installed on top of the chamber via a 2 3/4 conflat flange (CF) magnetically coupled rotary feedthrough (Thermionics FRMRE-275-38/MS-EDR), which is mounted on a linear translator with 2 of z travel (Thermionics Z-B275C-T275T-1.53-2). The sample stage is attached to the end of the motor shaft. The programmable Thermionics TMC 1-C motor controller controls the stepper motor, at 800 steps per cycle with a designated angular speed. The motor controller has 11 user I/Os (digital or analog), and one of them is programmed to change the digital output level between high and low every 5 steps, sending out a square wave with 80 rising edges for each full rotation of the motor. This digital pulse train is sent to the PFI0 terminal ("clk" in "DAQ," Figure 1(a) ) on the DAQ NI6212. The PFI0 terminal is a digital input channel used for the timer input. The clock rate in NI6212 is therefore determined by the rotation speed of the sample stage; and for each rotation of the motor, 80 clock pulses occur.
To implement field sputtering, we apply the external magnetic field using the electromagnet with a quadrupole silicon steel core (4% Si Fe, Scientific Alloys) and 2 pairs of coils (4 coils total), as specified in Figures 1(b) and 1(c) . Each coil has approximately 250 turns of 14 G Cu wire coated with polyamideimde (NEMA MW 35-C, class 200). The electromagnet assembly is suspended from the top of the chamber and is fixed as an integrated part of the sputtering system.
The center point O of the electromagnet coincides with the sample stage, to form a uniform in-plane magnetic field across the sample surface. The two sets of coil pairs are connected to two identical Kepco bipolar operational power supplies (BOP 20-20M), respectively, via a 2 3/4 CF electrical feedthrough, as shown in Figure 1 analog output channels AO0 and AO1 of the DAQ NI6212, for coil pairs 1 and 2, respectively. Figure 1(c) shows the distribution of magnetic fluxes in the electromagnet core. Magnetic flux a is generated by the coils in Pair 1, while flux b is generated by Pair 2. The flux flowing through poles p2, p4 is thus a + b, and that through p1, p3 is a − b. At the center point O, the magnetic field is therefore determined by the vector sum of a + b and a − b, as illustrated in Figure 2(a) . If the currents in the coils are alternating at a quasi-static (<1 Hz) rate, we can assume that the fluxes follow the instantaneous currents. By applying currents in the form of sin(ωt + φ) × cos(ωt + φ), where ω is the angular speed and φ is the initial phase, and separating the currents in the two pairs of coils by a phase difference of π /4, we achieve a vector sum of constant norm rotating at the given angular speed, as shown in Figure 2(b) .
In terms of instrumentation, we define 80 evenly spaced sampling points on each of the two ac curves in Figure 2(b) . These two sets of values are then written to the analog output channels of NI6212, AO0, and AO1, at the clock rate, which is determined by the motor rotation speed. Since there are 80 sampling points for one period of the magnetic field rotation and 80 digital pulses for one rotation of the motor, the field rotates synchronously with the sample. To change the angle between the sample reference axis and the magnetic field, it is sufficient to change the initial phase φ of the ac current curve sin(ωt + φ) × cos(ωt + φ). This can be programmed in a straightforward manner.
To verify that the magnetic field does rotate as programmed, we set the sample rotation speed to 0.25 RPM and Figure 4(a) . One of the substrate edges is chosen to be the reference axis for the sample. When mounted on the sample holder, the reference axis is aligned with the alignment pins 2 and 4 in the x-direction, which is the default direction of the magnetic field when the initial phase is set to zero. The initial phase φ can be set to an arbitrary value to change the relative angle between the sputtering field direction and the sample reference axis.
To first confirm that the sample rotation during field sputtering improves the uniformity of the film and hence the soft magnetic properties, two films, A and B, were deposited in sample set 1; sample A was stationarily field-sputtered (without sample rotation), and B was deposited under the magnetic field rotating synchronously with the sample. The hysteresis loops of the two samples were measured using a B-H loop tracer, and are shown in Figures 5(a) and 5(b) , respectively. While both of the samples have an anisotropy field H K = 20 Oe and comparably low easy-axis coercivities, sample B shows a more linear response along the hard axis (H C, H = 0.36 Oe compared with 1.5 Oe for A).
To verify that the induced anisotropy in the sputtered films follows the applied rotating magnetic field as expected, we deposited a second sample set consisting of 9 films, all field-sputtered under rotating magnetic field, with the initial phase of the field set to be φ = 0
• , 18
• , 135
• , and 153
• , respectively. The magnetic properties of the as-deposited films were studied by B-H loop tracer and parallel-condition ferromagnetic resonance (FMR) spectra. Figure 4 
where ω is the rf circular frequency, γ = 4 GHz was also performed to investigate the uniaxial anisotropy of sample 1 in set 2. As shown in Figure 6 , the resonance field values (H 0 ) were recorded as the angle α between the sample reference axis R and the direction of the bias field H B varied at a step of 10
• . Note that the angle has an estimated error of ±1.5
• . The sinusoidal fit yields H K = 19.6 Oe, which is in reasonable agreement with the value of 21.5 Oe given by the BH looper. Figure 7 shows the FMR field values at 4 GHz for samples 2-9, when the sample reference axis is parallel with the FMR bias field direction. Assuming that the alignment during substrate mounting is perfect, the data points should sit on the identical curve as in Figure 6 . The sinusoidal fit gives H k = 21.4 Oe, in agreement with the value of 21.5 Oe given by the BH looper, and comparable with 19.6 Oe given in Figure 6 . There is a phase offset of 8.8
• , which is introduced by the error in alignment when loading the samples into the sputtering chamber.
IV. CONCLUSION
We have demonstrated a technique to generate magnetic anisotropy at arbitrary angle in the plane of a sputtered layer, compatible with uniform deposition in UHV. Our experimental data on the Co 91.5 Zr 4.0 Ta 4.5 films show well-defined induced uniaxial anisotropies, controlled in situ, with very soft magnetic properties enabled through deposition uniformity from the rotating substrate. Further extension of the technique would include orthogonal anisotropy generation for the pinned and free layers of a magnetic tunnel junction sensor, allowing for linear response along the free layer hard axis.
